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ABSTRACT 
 
 
Geomagnetic Induced Current (GIC) is a quasi-DC current that may have adverse effects on 
power system reliability. Several GIC blocking device (NBDs) designs are available, but the majority 
is capacitive. Concerns have arisen about the effects of NBDs on distance-protection relays. To 
investigate their impact, real-time simulation (of IEEE-39 bus system) with actual hardware-in-the-
loop testing is utilized. The study showed that these relays are not affected by the insertion of NBDs 
regardless of the polarizing quantity used. However, during close-by fault, the energy through NBDs’ 
MOV is excessive. 
Also, the potential for resonance between NBDs and the system was investigated. The results 
indicate the possibility for resonance under steady-state imbalance, however, in most cases resonance 
is masked by a high damping system, thus it becomes indiscernible. But under fault conditions, even 
for non-resonating conditions, care is needed to avoid over-voltages by providing a backup spark-gap 
for MOV devices. 
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CHAPTER 1 
 
1. INTRODUCTION 
 
 
Geomagnetic effects on electrical networks caused by geomagnetic storms have been 
recognized and studied since the last century, and a number of reports and technical articles have since 
been published in the mainstream power systems literature. EPRI produced reports aiming at providing 
tools for estimating the effects and mitigating the problems caused by geomagnetically induced current 
in the early 1980’s [1, 2]. It was however the 1989 geomagnetic disturbance causing the Hydro-
Quebec blackout that prompted the North American Electric Reliability Corporation (NERC) to take 
action and call for improved geomagnetic storm forecasting [3]. The incident also led to renewed 
interest in geomagnetic mitigation measures and the early 1990’s saw emergence of methods 
describing the implementation of neutral blocking/bypass devices on the high voltage side of power 
transformers[4, 5]. These methods focused mainly on the optimum sizing of the blocking capacitors 
and viable technical solutions for bypassing the capacitors in the event of a fault involving the high 
voltage grounding loop. Capacitors were sized with a view to minimizing the crest voltage caused by 
both the AC steady-state zero sequence voltage persisting in the ground system, and the DC voltage 
due to geomagnetic effects in addition to HVDC galvanic coupling, if existing. Provisions for making 
the capacitor impedance small enough to avoid resonance with zero sequence system impedances were 
introduced in the optimizing equations [5].  Bypassing the capacitors during fault conditions proved a 
dilemma; while spark gaps would be able to handle the energy sustained through them under fault 
conditions until a slower mechanical shunt switch successfully closed, the variability of flash-over 
characteristics makes the viability of the scheme doubtful. On the other hand, metal-oxide varistors 
(MOVs) have well defined break-down characteristics but suffer from poor energy handling. In order 
to adequately protect the capacitors from over-voltages under fault conditions and be able at the same 
time to safely convey the sustained fault energy through them, researchers have put forward solutions 
involving either a large number of MOV’s or some form of low voltage triggered spark-gaps [2, 5]. 
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It is not the objective of this study to explore the technical alternatives for designing 
geomagnetic neutral blocking devices (NBDs). Rather the idea is to investigate two different 
benchmark-type NBDs as used by EPRI[6], to assess the effect on (a) relaying performance under 
severe ground faults, (b) resonance performance in steady state as well as under fault conditions, and 
(c) energy handling capabilities under the fault conditions prevailing in (a). Furthermore the study 
aims to impose these conditions on a sufficiently larger and more complex system than the smaller 
scale or partial systems examined in some of the publications referenced in this work. This is the 
slightly modified IEEE-39 bus system, comprising 10 generators, 12 transformers and 34 transmission 
lines. The number of NBDs involved in the study is 12, located at the neutrals of the high voltage side 
of each transformer.  The original IEEE-39 bus system has a 345 kV high voltage system, but this was 
changed here to 500 kV to comply with the benchmark NBD requirements, while retaining the original 
system topology. The 500 kV line data was changed accordingly using typical data. 
A unique feature of this study is that it was conducted in real-time with actual hardware-in-the-loop 
testing comprising actual SEL-411L distance relays responding to the fault conditions. The relays 
facing each other at opposite ends of the line are interfaced through a Directional Comparison 
Blocking (DCB) scheme implemented through the IEC 61850 protocol. 
The results of this work were presented in the 2015-CIGRE conference in Chicago. 
 
1.1 GIC Phenomenon  
The sun regularly emits a stream of charged particles toward Earth. The amount of the 
particles in the stream varies with solar activity. When the solar activity is intense, these particles tend 
to generate disturbances in the magnetic field of the earth. This phenomenon is call geomagnetic 
disturbances (GMD). This slow change in the magnetic field induces a quasi-DC current in the 
transmission lines through transformer grounds points hence the name Geomagnetically Induced 
Current. Figure 1 illustrates this current’s path. The GIC current will cause half cycle saturation in the 
transformers’ cores which leads to increased transformer hotspot heating, harmonic generation, 
reactive power absorption and potential misoperation of protective relays. Therefore, the GIC may 
affect the power system reliability. 
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Figure 1  Geomagnetic Induced Current (GIC) 
 
 
1.2 GIC Mitigation  
One mitigation method involves installing GIC neutral blocking devices (NBD) in power 
transformer neutrals, normally bypassed but switched in during a GMD.  The NBD can be resistive but 
the predominant method considering is almost purely capacitive. However, the wide application of 
capacitive GIC blocking devices (NBD) may have unintended adverse effects, including overvoltage 
due to resonance in the sequence network, and damage to surge protection devices included with the 
NBD itself. 
 
 
 
 
  
  
4 
 
 
CHAPTER 2 
 
2. SYSTEM DESCRIPTION AND MODELING IN REAL TIME  
 
 
2.1 General Description of the IEEE-39 Bus System  
Figure 2 shows the IEEE-39 bus system consisting of 10 generators, 34 transmission lines, 12 
transformers and 18 load buses. The transmission network voltage level for the original IEEE-39 bus 
system is 345kV. In this study the voltage of the transmission network was upgraded to 500kV while 
maintaining the original topology of the system. In addition, GIC blocking devices (NBDs) are 
installed in all transformers’ neutrals.  
 
 
 
Figure 2  IEEE-39 Bus System 
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2.2 GIC Blocking Device 
Figure 3 shows the two designs of NBDs that are used in this study. The first uses a 5600MVar, 
2.4kV, 1.03 ohms capacitor in series with a 1 ohm resistor. Protection against severe fault currents is 
provided using a 4.0kV, 33.32kJMOV. The second design uses a 1200MVar, 7.2kV, 43.2 ohms 
capacitor which is protected using a 14kVrms, 20 kV crest spark gap.  
MOV Bypass 
Switch
Resistor
Capacitor
 
a) NBD Design I 
Bypass 
Switch
Spark 
Gap
Capacitor
 
b) NBD Design II 
Figure 3  GIC Neutral Blocking Devices (NBD) 
 
 
2.3 Hardware in the Loop testing 
Hardware in the Loop (HIL) simulation is a technique that can be used to perform system-
level testing for different control and protection schemes in a very comprehensive and cost-effective 
manner. In this technique a Real Time Digital Simulator (RTDS) is used to simulate the power system 
in real time while different protection relays and controllers are connected to the simulator’s 
Input/outputs ports through an amplifier.  This provides a realistic environment for testing the 
functionality and performance of these devices as well as the system response to their actions. 
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2.4 System modeling in real time:  
 
2.4.1 Insight into real time simulation:  
The real time modeling concept is based on the fact that the simulator is able to produce output 
signal faster than real physical system acquisition. This is achievable if the simulator can solve all the 
differential equations of the system within a specified time step and then generate these output signals. 
The time step is the time where the simulator will produce output signals to the real world. The smaller 
the time step, the more realistic the simulation would be. However, there is no need to go to a very 
small time step because no system will process signals that fast. For example, some protection relays 
take 16 samples per cycle (1.04 ms between successive samples). If a simulator can produce outputs as 
fast as 1.04 ms or faster then the relay will see the outputs in real time. Yet, there is another limiting 
factor for how large a simulation step can be. This limiting factor is the wave propagation time in each 
transmission line. The wave propagation time can be calculated using equation 1. 
 
 
𝑃𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 = √𝐿𝐶 × 𝑙𝑖𝑛𝑒 𝑙𝑒𝑛𝑔𝑡ℎ (1) 
 
The real time simulation for power system network is achieved by solving the differential equations at 
all buses. If the wave propagation time for one transmission line is less than the time step, one wave 
point will be seen on two buses at the same time therefore the system cannot be solved.  
These two issues indicated above encourage the use of a smaller time step yet there are other limits on 
how small a time step can be. One of these limits is the most complicated differential equation in the 
system (at a specific bus). The simulation time step should allow for solving the differential equation 
for that bus, allow for generating output signals and have some safety margin above that. The other 
limiting factor is the processors’ capabilities and the number of available processors.   
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2.4.2 IEEE-39 bus simulation in real time:  
 
The test bed system used in this project is the IEEE-39 bus system where NBDs are installed 
in all transformers’ neutrals. All transformers were built using three single phase transformers taking 
into account the winding-to-winding capacitance, winding-to-ground capacitance and transformer 
saturation curves (See Figure 4). Additionally, the transmission network voltage for the system was 
changed to 500kV (instead of 345kV). 
 
 
 
 
 
Figure 4  Transformer circuit with NBD as modeled in Hypersim Software 
 
 
After the model completion, the system was stable and well behaved in the steady state and before 
going into hardware in the loop testing, and in order to ensure that the system is transiently stable, line 
to ground faults were applied at various locations. These faults are applied close-up to selected 
generation buses on the 500 KV level and cleared after 8 cycles with the NBDs placed in all neutrals. 
Looking at the system behavior after clearing these faults indicated that the system is transiently 
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stable. Figure 5 shows the fault current for a fault at bus 2. Figure 6 illustrates that the frequency of the 
closest generator (G10) is slightly affected by the fault and stabilized after its clearance.  
 
 
 
Figure 5  Fault current for A-G fault at bus 2 
 
 
 
Figure 6  Frequency at generator 10 
 
 
In addition, capacitors banks of 300MVAR were switched in the system at the 500 kV level to ensure 
that the system is not over damped. The steady state voltage rise due to switching was 1.67% while a 
transient peak of 124% from the nominal bus voltage is also observed. These figures are consistent 
with real life records. Table  1 shows these results.  
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Table 1  Cap switching 
Peak voltage Volts Peak increase 
Before Cap switching 412 KV -- 
Transient peak 511 KV 124 % 
After Cap switching 419 KV 1.67 % 
 
 
2.4.3 Interface with relays:  
Two SEL-411L relays have been placed across a selected 500 kV line. The connection is 
achieved by connecting the real-time digital simulator’s low signal outputs (real time voltages and 
currents signals) to both relays through amplifier. The amplifier scale these signal up to the relay 
normal operation quantities (120 volt and 5 amps rating). Therefore the relays will behave as they are 
placed on a real 50 KV line.  
 
 
2.5 Equipment:  
 
2.5.1 Real-Time Digital Simulator (RTDS) 
The RTDS used in this project contains a powerful real-time target computer equipped with up 
to twelve 3.3-GHz processor cores. The digital simulator consists of an upper section that contains 
analog and digital input/output signal modules and a bottom section which contains the multi-core 
processor computer that runs the real-time software. The software interface allows the user to create 
customized models using basic control blocks or models designed in the MATLAB/Simulink 
environment. A key feature in the software is that it allows complete control and monitoring of the 
model while running in real time. 
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2.5.2 Amplifier 
 
The real-time simulator generates a maximum of 16V in the analog output port, and the relay 
nominal voltage is rated at 66.39 V line to ground voltage so an amplifier is required to amplify the 
voltage signals to the relay voltage levels. The amplifiers have the capability of amplifying both low 
level voltage and current signals, using different and multiple amplification ratios. These amplifiers 
have up to six output voltage channels and six output current channels 
  
2.5.3  Relays 
Two SEL-411L distance relays are configured to be connected across a selected 500 kV line. 
These relays are configured in a Directional Comparison Blocking (DCB) scheme where the 
communication is performed using the IEC61850 protocol. Appendix B shows the setting used in this 
study. 
 
2.5.4 Routers and Wires. 
The routers were used to interface the computers with digital simulator, amplifiers and relays. 
Also the IEC 61850 that connecting the SEL-411L distance relays is achieved through these router.  
Appendix C shows how to set up a communication using IEC61850 protocol on SEL relays   
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CHAPTER 3 
 
3. METHODOLOGY  
 
 
3.1  HIL Testing and Assessing of Transmission Lines Protection 
In this work, hardware-in-the-loop (HIL) testing technique is used to evaluate the performance 
of transmission lines protection relays while the NBDs installed in the neutral of transformers are in 
service. The system used in this study is the IEEE-39 bus system shown in Figure 2. This system was 
built successfully in Hypersim real time digital simulator platform. Appendix A shows the parameters 
used in constructing the system.  
 
 
 
 
Figure7. HIL data flow diagram 
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Single phase-to-ground faults are applied at various locations in the system. For each fault 
scenario, secondary quantities (voltages, currents) generated from the digital simulator are applied to 
SEL-411L relays via a power amplifier. The relays’ trip signals are then fed back to the simulator via 
its digital input port. These signals are used to operate two breakers; one at each end of the protected 
line. Figure7 shows the data flow for HIL testing scheme. Each fault is applied twice: one with 
negative sequence polarizing quantity and the other with zero sequence polarizing.  Also, the two 
relays communicate with each other through the IEC61850 to implement a DCB scheme. 
 
 
3.2  Resonance Analysis  
The second objective is to investigate steady-state resonance and possibility of resonance 
under fault conditions. Under steady-state conditions, the occurrence of resonance in the system zero 
sequence network should be expected to result in an amplification of neutral current and voltage across 
the blocking device. If damping is insufficient in the zero sequence network then the voltage 
developed across the blocking device could be greater than the device rating, especially when 
combined with DC voltage caused by a geomagnetic disturbance. This would operate the protection 
for the device (either by MOVs or gap spark-over) and the NBD would need to be bypassed and 
removed from service. Also, under fault conditions, the occurrence of resonance in the system would 
result in severe over voltages across the NBD upon a fail-open of the MOV from a previous fault.  
The methodology implemented here to search for resonance is as follows: since the system is 
complex, it is not a trivial matter to construct the zero sequence network at any bus from the circuit 
viewpoint (The steady state zero sequence network is somewhat different from that used in fault 
analysis, in addition to the presence of loading). A practical method is, after inserting all capacitor 
blocking devices in place, to open the terminals of one of these devices, at the point where resonance 
is to be investigated. In the case where steady state resonance is investigated, the system is unbalanced 
by manipulating the nearby loads to create about 1.2% zero sequence steady-state voltage at the open 
neutral voltage with reference to the system ground (the voltage between the open neutral and ground 
is identically equal to the zero sequence voltage E0). Reference [5] reports that 1.2% of zero sequence 
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voltage was measured on the Radisson/LG2 system, although in lower voltage systems it may be as 
high as 2%[7].For the other case where resonance under fault conditions is investigated, an A-G fault 
is applied on the immediate bus to create the needed unbalance. 
Next, the neutral point is grounded with the NBD device removed, and the simulation is 
allowed to stabilize to measure the neutral (3I0) current at that point. The resulting Thévenin's complex 
zero sequence impedance is then given as 
  
0
00
33 I
EZ
  (2) 
 
The imaginary part of Z0 is examined to see if it tunes to 3Xc since the conditions for resonance are: 
 
IMG{ 0Z } cX3  
(3) 
 
The NBD capacitor is then inserted into the network to simulate its actual resonance performance, with 
the expectation that resonant conditions should result in the highest voltage across it.  
After the insertion of the capacitor the neutral current will be:  
0
0
0
0
0
3
3
3
3
R
E
jXZ
E
I
c



 
(4) 
 
And the neutral voltage will be: 
 
cn jXIV 30   
(5) 
 
As it turns out, resonance does not necessarily result in the most adverse voltage conditions. It 
may be possible in some cases that the resonance is sufficiently damped by the resistive part of Z0 
such that the currents and overvoltage are not destructively high, whereas another case may arise 
where the overall impedance Z0 – 3jXc is low, although not necessarily in resonance, and such that the 
resulting large steady-state neutral current leads to unacceptable overvoltages across the NBD.  
 
 
3.3 MOV Energy Handling Assessment  
It is necessary to pay attention to the energy handling capabilities of the MOVs used to protect 
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the NBD capacitor. If the MOV energy limit is exceeded, it will fail open leaving the capacitor with no 
high voltage protection in the absence of a backup spark gap. Failed MOV conditions may result in a 
very high voltage across the capacitor, a condition which may cause the capacitor to fail, or even fail 
the transformer insulation.  
To investigate energy handling, faults are applied at various points in the system while the 
energy through the MOVs is monitored. Since the typical clearing time for a fault on the 500 kV is 3-4 
cycles, all faults in this study are set to clear in 4 cycles. The MOV protecting the capacitor is required 
to successfully sustain the fault energy throughout the fault duration. Otherwise, it will be considered 
as failed-open. The fail-open mode is selected here, since this is the failure that will result in 
overvoltages. 
 
 
 
  
  
15 
 
CHAPTER 4 
 
4. RESULTS  
 
 
4.1  Results of HIL Testing and Assessing of Transmission Lines Protection  
 As the IEEE-39 bus system is fairly large, only three lines were selected to examine the 
relaying performance. These lines were chosen because they are connected to transformers at one or 
both ends.  The real-time digital simulator produces voltages and currents signals for the buses at the 
terminals of the selected lines. These signals are amplified and injected into two SEL-411L relays 
which are used to protect a 500KV line. Trip signals generated by the relays are fed back into the 
simulator and used to trip the simulated line. A DCB scheme is applied to the 500KV line were the 
communication between the relays is achieved using IEC61850. Both relays are given IP addresses 
and connected to an Ethernet switch that allows passing of the GOOSE messages. 
 Before connecting the NBDs in the transformers’ neutrals, in and out of zone faults were 
applied on the selected line to ensure that the DCB scheme is working correctly and selectively.  
Then Type-I NBD (1.03 ohm) was connected in all transformer neutrals and A-to-G faults were 
applied in three different lines. These faults were placed close to the buses (a total of 6 buses) to 
simulate the highest current through the NBDs. During these tests, all SEL-411L were configured at 
first to use negative sequence measurements as polarizing quantities.  
 In this work, results from line 22-23 only on the IEEE-39 bus system are presented as the 
results from the other simulations are similar. For an A-G fault on bus 22 with the relays configured to 
use negative sequence polarizing, voltage and current waveforms on bus 22 are shown in Figure 8 and 
Figure 10 respectively, while voltage and current waveforms on bus 23 are shown in Figure 9 and 
Figure 11 respectively. COMTRADE files for the fault were measured from the relays at both ends. 
Figure 12 shows a screenshot of the COMTRADE file for the relay at bus 22 were the Z1G , Z2G, 
32GF and 3PT are shown. Figure 13 shows the COMTRADE file for the relay at bus 23. It can be seen 
that the COMTRADE files shown in Figure 12 and Figure 13 are identical to the simulated waveform 
shown Figure 8, Figure 9, Figure 10 and Figure 11. 
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 It can be seen from the COMTRADE file at bus 22 that the fault was cleared in a little more 
than 4 cycles. This is because although the timer Z1GT was set to 4 cycles to account for breaker time 
since the trip signal from the relay is fed directly to the simulator, additional time is required for the 
fault detection and for the relay contacts to close. Similarly, the relay at bus 23 tripped in about the 
same time. In other words, both relays have tripped correctly. In addition, both relays detected the fault 
location with acceptable range. The relay at bus 22 detected the fault at 0 km, while the relay at bus 23 
detected the fault at 31.87 km (a 3.4% error). 
 
 
 
Figure 8  Simulated voltages at bus 22 
 
 
 
 
Figure 9  Simulated voltages at bus 23 
 
 
Figure 10  Simulated currents at bus 22 
 
Figure 11  Simulated currents at bus 23 
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Figure 12  Relay's event file at bus 22 (COMTRADE) 
 
 
 
Figure 13  Relay's event file at bus 23 (COMTRADE) 
 
 
 Then the polarizing quantity was changed to zero sequence current, and the two SEL-411L 
relays were then configured to use zero sequence polarizing obtained from the closest transformer’s 
neutral. The previous A-G faults were repeated to examine this configuration. Voltages and currents at 
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the faulted bus and the remote bus are identical to the previous fault. Figure 14 shows a screenshot of 
the COMTRADE file for the relay at bus 22 were the Z1G, Z2G, 32GF and 3PT are presented. Figure 
15 shows the COMTRADE file for the relay at bus 23. These COMTRADE files illustrate a tripping 
time of a little more than 4 cycles at both buses due to the aforementioned reasons. Hence, it could be 
concluded that whether negative sequence or zero sequence quantities are used as polarizing 
quantities, the SEL-411L relays were always able to detect the fault and its location correctly and 
therefore trip properly. 
 
 
 
Figure 14  Relay's event file at bus 22 (COMTRADE) 
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Figure 15  Relay's event file at bus 23 (COMTRADE) 
 
 
 The same fault was repeated again for the Type-II (43.2 ohm) NBD. Voltage and current 
waveforms on bus 22 are shown in Figure 16 and Figure 18 respectively, while voltage and current 
waveforms on bus 23 are shown in Figure 17 and Figure 19 respectively. COMTRADE files for the 
fault were pulled from the relays at both ends. Figure 20 and Figure 21 show screenshots of the 
COMTRADE files for the relay at bus 22 and bus 23 when negative sequence polarizing is used. Both 
relays operated correctly and selectively.  
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Figure 16  Simulated voltages at bus 22 
 
 
 
 
Figure 17  Simulated voltages at bus 23 
 
 
Figure 18  Simulated currents at bus 22 
 
 
Figure 19  Simulated currents at bus 23 
 
 
 
 
Figure 20  Relay's event file at bus 22 (COMTRADE) 
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Figure 21  Relay's event file at bus 23 (COMTRADE) 
 
 
 Also, The two SEL-411L relays were then configured to use zero sequence polarizing 
obtained from the closest transformer’s neutral. The previous fault was repeated to examine this 
configuration. Voltages and currents at the faulted bus and the remote bus are identical to the previous 
fault. COMTRADE files for the fault were pulled from the relays at both ends. Figure 22 and Figure 
23 show screenshots of the COMTRADE files for the relay at bus 22 and bus 23 respectively. It can be 
seen that both relays worked properly.  
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Figure 22  Relay's event file at bus 22 (COMTRADE) 
 
 
 
Figure 23  Relay's event file at bus 23 (COMTRADE) 
 
 
4.2 Results for Resonance 
 
4.2.1 Steady-State Resonance 
The results of steady state resonance analysis for the two NBD capacitive impedance values of 
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1.03 ohms and 42.3 ohms are summarized in Tables 2 and 3. 
 
 
Table 2  Thévenin's zero sequence impedance (ohms) for the 1.03 Ohm NBDs 
 
Resistance 
(ohm) 
Inductance 
(ohm) 
𝑉𝑛
𝐸0
% 
T2 3.63 17.06 8.6 
T3 1.82 14.80 10.2 
T4 1.64 17.03 8.9 
T5 1.31 4.58 33.9 
T6 4.87 21.09 6.9 
T7 4.99 21.59 6.7 
T8 4.77 20.67 7.0 
T9 34.02 52.39 2.3 
T10 3.95 18.57 7.9 
T11 1.64 18.73 8.0 
T12 2.81 19.98 7.4 
T13 3.63 17.06 8.6 
 
 
Table 3  Thévenin's zero sequence impedance (ohms) for the 42.3 Ohm NBDs 
 
Resistance 
(ohm) 
Inductance 
(ohm) 
𝑉𝑛
𝐸0
% 
T2 5.60 6.00 114.8 
T3 11.81 -3.39 89.9 
T4 58.07 11.29 65.2 
T5 1.24 4.61 111.8 
T6 33.11 24.95 114.3 
T7 33.80 25.38 113.1 
T8 19.62 27.51 171.9 
T9 35.06 38.93 122.3 
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Continuation of Table 3 
T10 18.71 23.94 160.9 
T11 11.69 1.64 100.0 
T12 10.10 5.83 111.6 
T13 5.60 6.00 114.8 
 
 
The last column in Tables 2 and 3 is interesting. It shows the ratio of closed circuit neutral 
voltage Vn (with NBD in service) to open circuit voltage E0. The open circuit voltage was, as 
mentioned, set to 1.2% of system voltage, which on a 500 kV level would be around 3.46 kV. The 
1.03 NBD has a voltage rating of 2.4 kV for the capacitors and a MOV Vmcov rating of 3.4 kV. 
Clearly there is no issue regarding over-voltages for this type of NBD while in service, as Table 2 
reveals. Additionally, there seems to be no potential for resonance, with the closest inductive 
impedance to the 1.03 ohm capacitive impedance being 4.58 ohms seen at the neutral of transformer 
T5. The closed circuit voltage across the device at this point, though the highest among the others, 
only goes to about 34% of the open circuit voltage.  
Table 3, however, for the 42.3 ohm NBD reveals a different performance.  The capacitors have 
a 7.2 kV rating and the spark gap is set to break at between 16 and 24 kV. Almost all the cases show 
voltage amplification across the NBD after closing the neutral, with the worst being 172% or about 
5.95 kV. This is still under the capacitor tolerance, but by no means a case free of concern. It is 
interesting to note that the point closest to resonance - at the neutral of transformer T9 - does not suffer 
the highest voltage amplification upon closing the neutral and only goes up to 122%. The reason is that 
this condition, in particular, has a high resistive damping. It should not be inferred therefore, that 
resonance conditions alone are responsible for over-voltages. Rather a number of factors in addition to 
resonance, such as system resistive loop seen at the point of interest, should be taken into account. 
 
4.2.2 Resonance under Fault Conditions 
The reason for including an investigation for possible resonance under faulted conditions, 
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although the MOVs and spark gaps are expected to operate for these conditions, is to determine 
whether the situation could be aggravated by resonance. Failure of the MOVs, in particular, an issue 
discussed in[6]  due to high fault energy, was a concern and some proposed designs do not include a 
backup spark-gap in case the MOV fails open [5]. To have a resonant loop where the MOV has failed 
open on a previous fault and has exposed the capacitor with no spark-gap bypass could be truly 
catastrophic. 
The system’s Thévenin's zero sequence impedances at different locations under fault 
conditions for the two NBD capacitive impedance values of 1.03 ohms and 42.3 ohms are summarized 
in Tables 4 and 5. The last column again shows the ratio of closed circuit neutral voltage Vn (with 
NBD in service) to open circuit voltage E0.  The MOVs and spark gaps have been removed as they 
would break down and inhibit resonance/overvoltage conditions. The open circuit voltages E0 are 
extremely high, most in the 200 – 250 kV window for the 500 kV system, and are certainly above the 
typical neutral BIL of around 110 kV. 
 
 
Table 4  Thévenin's zero sequence impedance (ohms) for the 1.03 Ohm NBDs 
 
Resistance 
(ohm) 
Inductance 
(ohm) 
𝑉𝑛
𝐸0
% 
T2 1.96 11.14 13.4 
T3 1.04 9.87 15.5 
T4 0.36 10.20 15.2 
T5 0.53 2.28 71.1 
T6 1.66 13.55 11.0 
T7 2.48 12.73 11.6 
T8 2.26 12.80 11.6 
T9 7.12 21.91 6.3 
T10 1.72 10.85 13.9 
T11 1.23 11.69 13.0 
T12 1.28 12.17 12.4 
T13 0.50 9.54 16.3 
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Table 5  Thévenin's zero sequence impedance (ohms) for the 42.3 Ohm NBDs 
 
Resistance 
(ohm) 
Inductance 
(ohm) 
𝑉𝑛
𝐸0
% 
T2 6.14 7.31 119 
T3 17.15 11.57 120 
T4 8.30 18.63 167 
T5 0.49 2.31 106 
T6 7.36 17.33 161 
T7 17.30 15.57 133 
T8 8.89 13.69 140 
T9 8.33 20.63 180 
T10 4.64 13.46 144 
T11 17.30 15.57 133 
T12 12.63 13.54 134 
T13 7.51 21.82 191 
 
 
The tables do not show a serious proximity to resonance for either type of NBD, but in both 
cases the closest Thévenin impedance to that of the NBD capacitor results in the largest over-voltage. 
For the 1.03 ohm NBD, this was at T5 with an overvoltage of 71% of open circuit value; while for the 
43.2 NBD an overvoltage of 191% appeared across the device at T13. 
This analysis confirms that under all fault conditions it becomes imperative to effectively 
ground the system through MOV or spark gap devices. A further requirement is that in case the MOV 
is incapable of handling the fault energy and fails to open-circuit conditions, a backup spark-gap 
becomes mandatory. 
 
 
4.3 Energy handling  
 
In order to assess the energy handling capabilities of the MOV, three different faults were 
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applied and the energy through the MOVs was measured. Any MOV that passes more than 33.32 KJ is 
considered failed open [6].  The faults are as follows:  
1- A-G fault at bus 18, cleared in four cycles. During this fault, only the MOV at T10 neutral has 
failed. The energy through it was 92.4 KJ. 
2- A-G fault at bus 25, cleared in four cycles. Two MOVs have failed one at T10 after passing 391 
KJ and the other is at T8 after passing 2.86 MJ.  
3-  A-G fault at bus 17, cleared in four cycles. After 13 ms of placing the fault the MOV at T10 has 
failed due to passing an excessive energy of 37.6KJ. After another 17 ms, MOVs at T4, T6, and 
T7 have failed simultaneously. These MOVs have passed 39.77KJ, 74.56KJ, and 64.2 KJ 
respectively. 15 ms after that, also T8 and T3_3 MOVs have failed after passing 43.65 KJ and 
34.83 KJ respectively.  
These three scenarios indicate that detailed energy handling calculations need to be done before 
inserting any NBDs. This is to ensure that the MOV does not fail at the next fault incident. The most 
severe energy will pass through an MOV when the fault is at the immediate bus. For example, an A-G 
fault which was placed at bus 22 caused energy of 6 MJ to pass through T6 MOV and the NBDs 
energy limit was exceeded in only 2 milliseconds. Figure24 shows the energy for T6 MOV. 
 
 
 
Figure 24  Energy through T6 MOV 
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CHAPTER 5 
 
4. CONCLUSIONS 
 
 
Relaying performance on 500 kV lines for a system containing NBDs in the HV transformers 
has been investigated. It has been found that the existence of the NBDs which were based on two 
benchmark-type model designs had no impact on the relaying performance. Both negative sequence 
and zero sequence polarizing current could be used successfully in distance protection schemes for the 
faults investigated and no anomalies were apparent on the operation of the relays. 
 Potential for resonance for the two types of NBDs was also explored for both steady-state and 
faulted system conditions. A somewhat unexpected result was that resonance was not necessarily the 
prime cause for concern regarding possible over-voltages across the NBD, particularly for the steady-
state situation. Type I design, the 1.03 ohms device fared much better in overvoltage performance 
under steady-state while type II design, at 43.2 ohms, shows a potential to approach limiting values in 
the overvoltage performance. 
Both types however under faulted conditions offer extremely high voltages across them, and 
proximity to resonance only aggravates this. It is imperative that the possibility of leaving these 
devices unprotected, such as a situation that may arise from a fail-opened MOV on a previous fault, 
must be eliminated and a backup protective spark gap should be available for all designs. 
Finally the energy sustained in the MOVs of Type I (the 1.03 ohm NBD) was found to exceed 
the design ratings in many of the simulated faults. This corroborates similar conclusions regarding 
these devices in previous investigations, hence, and an obvious conclusion is that a design change is 
required for this type before it can be applied with assurance as to reliability of operation. 
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IEEE-39 BUS SYSTEM DATA 
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The following tables present the IEEE-39 bus system data as used in this work. Tables 6, 7 and 
8 present the machine parameters (in p.u. based on machine rating), time constants and exciter data for 
each one of the 11 generators respectively. Table 9 presents the transformers’ data (in p.u. based on 
transformer rating): number of windings, windings configuration, total resistance and inductance, 
winding-to-winding capacitance and finally winding-to-ground capacitance. Table 10 shows the 
transformers’ saturation curve points. Table 11 shows the generation and load at each bus. 
 
For the transmission lines parameters, typical 500 kV transmission lines data was used. A 
positive sequence resistance, inductance, and capacitance of 9.5 × 10−6, 1.4 × 10−4, and 1.18966 ×
10−2 p.u./km were used respectively. As for zero sequence parameters a value of 1.403 × 10−4, 
4.355 × 10−4, and 7.93 × 10−3 p.u./km were used for the line zero sequence resistance, inductance 
and zero sequence capacitance. All these line impedances are based on 100 MVA. Table 12 shows 
each line length between the corresponding buses. 
 
 
Table 6  Machines’ parameters (p.u.) 
Unit 
Rating 
(MVA) 
Ra Xd Xq Xd’ Xq’ Xd’’ Xq’’ Xl 
G1 1750 0.003 1.2 0.7 0.32 0.65 0.2 0.22 0.15 
G2 900 0.02 1.56 1.53 0.29 0.48 0.23 0.23 0.21 
G3 753 0.003 1.2 0.7 0.32 0.65 0.2 0.22 0.15 
G4 917 0.003 1.2 0.7 0.32 0.65 0.2 0.22 0.15 
G5 527 0.02 2.11 1.96 0.33 0.54 0.23 0.23 0.19 
G6 780 0.02 1.8 1.77 0.29 0.44 0.24 0.24 0.21 
G7 816 0.003 1.2 0.7 0.32 0.65 0.2 0.22 0.15 
G8 710 0.02 1.81 1.78 0.27 0.41 0.23 0.23 0.18 
G9 850 0.003 1.2 0.7 0.32 0.65 0.2 0.22 0.15 
G10 1290 0.003 1.31 0.47 0.30 0.65 0.25 0.24 0.18 
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Table 7  Machines’ time constants (sec) 
Unit Td0’ Tq0’ Td0’’ Tq0’’ 
G1 8 8 0.07 0.065 
G2 5.84 0.64 0.019 0.031 
G3 8 8 0.07 0.065 
G4 8 8 0.07 0.065 
G5 7.78 0.48 0.033 0.054 
G6 5.50 0.55 0.114 0.206 
G7 8 8 0.07 0.065 
G8 6.80 0.74 0.017 0.027 
G9 8 8 0.07 0.065 
G10 4.48 8 0.07 0.065 
 
 
 
 
Table 8  Machines’ exciter data 
Unit 
TR 
(sec) 
KA 
TA 
(sec) 
KF 
TF 
(sec) 
Efmin 
(p.u.) 
Efmax 
(p.u.) 
Kp 
G1 0.02 100 0.0001 0 0.0001 -7 7 1 
G2 0.02 35.7 0.001 0.022 0.5 -2.75 4.02 0.402 
G3 0.02 100 0.0001 0 0.0001 -7 7 1 
G4 0.02 100 0.0001 0 0.0001 -7 7 1 
G5 0.02 35.7 0.001 0.022 0.5 -2.75 4.02 0.402 
G6 0.02 50 0.04 0.003 0.22 -2.3 4.3 0.43 
G7 0.02 100 0.0001 0 0.0001 -7 7 1 
G8 0.02 39.16 0.04 0.023 0.5 -2.98 4.35 0.435 
G9 0.02 100 0.0001 0 0.0001 -7 7 1 
G10 0.02 100 0.0001 0 0.0001 0 7 1 
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Table 9  Transformers’ data 
Unit 
Windings 
ConFigure 
R (p.u.) X(p.u.) 
Winding-
to-Winding 
Capacitance 
(nF) 
Winding-
to-Ground 
Capacitance 
(nF) 
T2 
500/24kV 
𝑌𝑔 − ∆ 
0.00187 0.158 
5.508 26.7 
T3 0.00187 0.158 
T4 0.00187 0.158 
T5 
161/24kV 
𝑌𝑔 − ∆ 
0.002 0.137 
T6 
500/24kV 
𝑌𝑔 − ∆ 
0.00187 0.158 
T7 0.00187 0.158 
T8 0.00187 0.158 
T9 0.00187 0.158 
T10 0.00187 0.158 
T11 
500/161/26kV 
𝑌𝑔 − 𝑌𝑔 − ∆ 
0.0025 0.2066 
T12 0.0025 0.2066 
T13 0.0025 0.2066 
 
 
Table 10  Transformers’ saturation curve 
I saturation (Peak Amps ) Flux (V.sec) 
0.65585 974.62 
0.90948 1045.6 
1.2045 1082.9 
1.3164 1097.8 
1.5917 1116.5 
1.7135 1133.3 
2.1284 1161.3 
2.2336 1172.5 
2.4332 1183.7 
3.081 1191.2 
3.4457 1206.1 
4.5443 1213.6 
5.6039 1224.8 
6.0894 1236 
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 Table 11  System generation and loads 
Bus 
No. 
Base 
Voltage 
(kV) 
Voltage 
(p.u.) 
Generation(MW) 
Load 
(MW) 
Load 
(MVar) 
1 
24 
1.03 1100 1104 250 
2 0.982 874 27.6 13.8 
3 
500 
-- -- 322 2.4 
4 -- -- 500 184 
5 -- -- -- -- 
6 -- -- -- -- 
7 -- -- 233.8 84 
8 -- -- 522 176 
9 -- -- -- -- 
10 -- -- -- -- 
11 -- -- -- -- 
12 161 -- -- 7.5 88 
13 
500 
-- -- -- -- 
14 -- -- -- -- 
15 -- -- 320 153 
16 -- -- 329 32.3 
17 -- -- -- -- 
18 -- -- 158 30 
19 -- -- -- -- 
20 161 -- -- 628 103 
21 
500 
-- -- 274 115 
22 -- -- -- -- 
23 -- -- 247.5 84.6 
24 -- -- 308.6 -92 
25 -- -- 224 47 
26 -- -- 139 17 
27 -- -- 281 75.5 
28 -- -- 206 27.6 
29 -- -- 283.5 26.9 
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Continuation of Table 11 
30 24 1.0475 250 -- -- 
31 500 -- -- 27.6 13.8 
32 
24 
0.9831 700 -- -- 
33 0.997 780 -- -- 
34 1.0123 508 -- -- 
35 1.0493 700 -- -- 
36 1.0635 610 -- -- 
37 1.0278 540 -- -- 
38 1.0265 830 -- -- 
39 500 -- -- 1104 250 
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Table 12  Lines length 
From Bus To Bus Length (km) 
1 2 133 
1 39 108 
2 3 49 
2 25 28 
3 4 54 
3 18 42 
4 5 32 
4 14 33 
5 6 8.5 
5 8 32 
6 7 25 
6 11 26.6 
7 8 15 
8 9 93 
9 39 135 
10 11 14 
10 13 14 
13 14 33 
14 15 70 
15 16 31.5 
16 17 27 
16 19 60 
16 21 46 
16 24 15.5 
17 18 26 
17 27 58 
21 22 47 
22 23 33 
23 24 87 
25 26 100 
26 27 46 
26 28 150 
26 29 200 
28 29 47.5 
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APPENDIX  B 
CONFIGURING IEC61850 ON SEL-411L RELAYS 
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The IEC61850 is a part of the International Electro-technical Commission's (IEC) Technical 
Committee 57 (TC57) architecture for electric power systems. The IEC61850 standard is an innovative 
approach that requires a new way of thinking about substation automation that will result in very 
significant improvements in both costs and performance of electric power systems. The IEC 61850 is 
based on TCP/IP networks or substation LANs using high speed switched Ethernet to obtain the 
necessary response times below four milliseconds for protective relaying. 
 
 
B.1 SEL ACSELERATOR Architect software for configuring IEC61850 
The ACSELERATOR Architect software enables protection and integration engineers to 
design and commission IEC 61850 substations containing SEL IEDs. Engineers can use 
ACSELERATOR Architect to perform the following configuration tasks:  
 Organize and configure all SEL IEDs in a substation project. 
 Configure incoming and outgoing GOOSE messages. 
 Edit and create GOOSE datasets. 
 Read non-SEL IED Capability Description (ICD) and Configured IED Description (CID) files 
and determine the available IEC 61850 messaging options. 
 Use or edit preconfigured datasets for reports. 
 Load device settings and IEC 61850 CID files into SEL IEDs. 
 Generate ICD files that will provide SEL IED descriptions to other manufacturers’ tools so 
they can use SEL GOOSE messages and reporting features. 
ACSELERATOR Architect provides a Graphical User Interface (GUI) for engineers to select, edit, 
and create IEC 61850 GOOSE messages important for substation protection, coordination, and control 
schemes.  
 
Typically, the engineer first places icons representing IEDs in a substation container, then 
edits the outgoing GOOSE messages or creates new ones for each IED. The engineer may also select 
incoming GOOSE messages for each IED to receive from any other IEDs in the domain. 
ACSELERATOR Architect has the capability to read other manufacturers’ ICD and CID files, 
enabling the engineer to map the data seamlessly into SEL IED logic. See the ACSELERATOR 
Architect online help for more information.  
 
 
B.2 Configuring SEL- 411L to send blocking signal through IEC 61850 using 
ACSELERATOR Architect: 
The following steps illustrate how to activate the IEC61850 protocol in the SEL relays and how to 
configure them to send and receive specific data at specific virtual bit:  
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1- Set E61850 = Y to enable IEC 61850 communication protocol. 
 
2- Set EGSE = Y to make the received and sent GOOSE messages effective ( if EGSE is set to N 
, every other relay will discard the GOOSE messages coming from this relay and this relay 
will discard any incoming GOOSE messages from all other relays. However, this relay will 
continue to transmit GOOSE messages. E.g. is when the relay is connected to SCADA system 
for monitoring purposes only ). 
3- Use ACSELERATOR Architect to create CID files: 
i. Create new project. 
ii. Add two SEL-411L devices. (Right click on the project name and the go to “Add IED”). 
iii. Choose the ICD file to be compatible with relay firmware. Do for both relays. 
iv. The software will ask for: relay IP address, subnet mask, and default gateway. Do for both 
relays. 
The previous steps are identical for setting any SEL relay to send IEC 61850 messages. The 
next steps are based on which data is needed to be sent and received.  
 
The mechanism of assigning sent data and received data is associated with three taps in the 
ACSELERATOR Architect: GOOSE receive, GOOSE transmit, and Datasets. The Datasets tap has a 
preset datasets that can be used directly. Each data set is organized to have a logically related data. 
However, a new data set can be created to have only the needed function. The GOOSE transmit tap 
allow the engineer to choose which datasets is to be sent. Any datasets that is chosen to be transmitted 
in one relay will appear in the GOOSE receive tap in every other relay on the same project. In the 
GOOSE receive tap the engineer defines the virtual bits and the remote analog inputs to receive 
selected data from other relays. 
 
4- Configure both relays to send and receive a DCB blocking signal:  
i. On datasets tap, create new set to include the DCB parameters. DCB parameters can be 
found under ST (status information)->PRO-> DCBPSCH2. Figure 25. 
ii. On GOOSE transmit tap, program the relay to send the dataset created at a. do it for both 
relays. Figure 26. 
iii. On GOOSE receive tap, program both relays to receive the DSTRT signal from each other 
at VB001. The DSTRT signal is located under DCBPSCH2->str-> general. Right click on 
“general” then “copy”. Right click on VB001 and then “paste”. Figure 27. 
 
5- Save the project. The CID files will be saved along with the project. 
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6- Send the CID files for both relay. These CID files have the same send and receive GOOSE 
messages. However, they have different IP address and each CID is needed to be sent to the 
relevant IED (relay). To send, right click on the relay icon and click “send CID”. The engineer 
should provide the IP address in FTP address field, and level 2 ACCESS to the relay. Figure 
28 and Figure 29. 
 
 
 
Figure 25  Data set creation 
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Figure 26  Transmitting data set 
 
 
 
Figure 27  Receiving GOOSE signal 
 
  
42 
 
 
Figure 28  Sending CID file 
 
 
 
Figure 29  Inserting IP address and credentials to send CID file  
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APPENDIX  C 
SEL-411L RELAY SETTINGS 
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C.1 SEL-411L setting values and descriptions 
This section present the setting used in both SEL-411L relays. Table 13 shows line 
configurations and relay configurations.  Table 14 shows the Mho phase distance elements settings 
and time delays. Table 15 shows the Mho ground distance elements settings and time delays. Table 16 
shows the directional control setting. Table 17 shows the trip scheme and trip logic settings. Figure 30 
shows the graphical logic to hold the tripping signal. Table 18 shows the output contacts. Table 19 
shows Current and Voltage Source Selection (when using zero sequence polarizing).   
 
 
Table 13  Line configurations and relay configurations 
Line configuration (Group)  
CTRW Current Transformer Ratio—Input W (1–50000) 600 
PTRY Potential Transformer Ratio—Input Y (1–10000) 4500 
VNOMY PT Nominal Voltage (L-L—Input Y (60–300 V 
secondary) 
115 
Z1MAG Positive-Sequence Line Impedance Magnitude (0.05–255 
W secondary) 
1.54 
Z1ANG Positive-Sequence Line Impedance Angle (5.00–90 
degrees) 
86.0 
Z0MAG Zero-Sequence Line Impedance Magnitude (0.05–255 W 
secondary) 
5.03 
Z0ANG Zero-Sequence Line Impedance Angle (5.00–90 degrees) 72 
Relay Configuration (Group) 
E21P Mho Phase Distance Zones (N, 1–5) 3 
E21MG Mho Ground Distance Zones (N, 1–5) 3 
E21P Mho Phase Distance Zones (N, 1–5) 3 
ECOMM Communications-Assisted Tripping (N, DCB, POTT, 
POTT2, POTT3, DCUB1,DCB) 
DCB 
 
 
 
Table 14  Mho phase distance elements settings and time delays 
Mho Phase Distance Element Reach (Group) 
Z1MP Zone 1 Reach (OFF, 0.05–64 W secondary) 1.23 
Z2MP Zone 2 Reach (OFF, 0.05–64 W secondary) 1.85 
Z3MP Zone 3 Reach (OFF, 0.05–64 W secondary) 0.62 
Mho Phase Distance Element Time Delay (Group) 
Z1PD Zone 1 Time Delay (OFF, 0.000–16000 cycles) 4.00 
Z2PD Zone 2 Time Delay (OFF, 0.000–16000 cycles) 30.0 
Z3PD Zone 3 Time Delay (OFF, 0.000–16000 cycles) 60.0 
Note: (the 4 cycle is used to account for the breaker time) 
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Table 15  Mho ground distance elements settings and time delays 
Mho Ground Distance Element Reach (Group) 
Z1MG Zone 1 (OFF, 0.05–64 W secondary) 1.23 
Z2MG Zone 2 (OFF, 0.05–64 W secondary) 1.85 
Z3MG Zone 3 (OFF, 0.05–64 W secondary) 0.62 
Zero -Sequence Current Compensation Factor (Group) 
k0M1 Zone 1 ZSC Factor Magnitude (AUTO, 0.000–10) 0.768 
k0A1 Zone 1 ZSC Factor Angle  
(–180.00 to +180 degrees) 
-20 
Ground Distance Element Time Delay (Group) 
Z1GD Zone 1 Time Delay (OFF, 0.000–16000 cycles) 4.00 
Z2GD Zone 2 Time Delay (OFF, 0.000–16000 cycles) 30.0 
Z3GD Zone 3 Time Delay (OFF, 0.000–16000 cycles) 60.0 
Note: (the 4 cycle is used to account for the breaker time) 
 
 
Table 16  Directional control setting 
Directional Control (Group) 
ORDER Ground Directional Element Priority (combine Q, V, I) QV (Or I) 
E32IV Zero-Sequence Voltage and Current Enable (SELOGIC 
Equation) 
1 
Note  (QV for negative voltage polarizing and I for Zero sequence current polarizing) 
 
 
Table 17  The trip scheme and trip logic settings. 
DCB Trip Scheme (Group) 
Z3XPU Zone 3 Reverse Pickup Time Delay (0.000–16000 
cycles) 
1.000 
Z3XD Zone 3 Reverse Dropout Delay (0.000–16000 cycles) 6.000 
21SD Zone 2 Distance Short Delay (0.000–16000 cycles) 4.000 
BT Block Trip Received (SELOGIC Equation) VB001 
BTXD Block Trip Receive Extension Time (0.000–16000 
cycles) 
1.0000 
Trip Logic (Group) 
TR Trip (SELOGIC Equation) Z1P OR Z1G 
OR Z2PT OR 
Z2GT OR 
Z3PT OR 
ZT3GT 
 
TRCOMM Communications-Assisted Trip (SELOGIC Equation) Z2PGS 
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Figure 30  Graphical logic for holding tripping signal until the rest button pushed 
 
 
Table 18  Outputs 
Directional Control (Group) 
Out201 (SELOGIC Equation) PLT11 
   
 
 
Table 19  Current and voltage source selection 
Directional Control (Group) 
ESS Current and Voltage Source Selection (Y, N, 1, 2, 3, 4) Y 
LINEI Line Current Source (IW, COMB) IW 
BK1I Breaker 1 Current Source (IW, IX, NA) IW 
IPOL Polar. Current (IAX, IBX, ICX, NA) IAX 
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